We reviewed records of hematopoietic cell transplantation (HCT) patients seen over the past 10 years who had head scan documentation of subdural fluid collections. A total of 17 patients were identified: 13 with allogeneic and 4 with autologous HCT (0.71% of allogeneic and 0.13% of autologous HCT patients seen in this time interval). Although less than 20% of HCT patients have lumbar puncture, 8 of the 17 subdural patients had lumbar puncture. The lumbar puncture was done 5-112 days (median 46 days) before subdural detection. Acute lymphocytic leukemia was the diagnosis in five of these eight; whereas, either acute myelogenous leukemia or myelodysplasia was the diagnosis in seven of the nine patients without lumbar puncture. In the patient group with lumbar puncture, subdurals were diagnosed earlier after HCT (median 25 days versus 5 months in the patient group without lumbar puncture) and were more often hygromas (37.5 versus 0%). These results support the suggestion of lumbar puncture or intrathecal therapy as a risk factor for subdurals. The presumptive mechanism involves lumbar cerebrospinal leak, low intracranial pressure, downward displacement of the brain, cerebrospinal fluid accumulation into the inner dural layers of the cerebral convexities (hygromas) and bleeding into these fluid collections (hematomas).
Introduction
Subdural hematomas are a well-recognized, infrequent but serious neurological complication of hematopoietic cell transplantation (HCT). Prevalence varies from 0 to 12% in autopsy series, 1,2 and up to 2.6% in retrospective clinical reports. 3 Subdurals can be easily overlooked early in the transplant course. They may present with reduced sensorium without abnormal motor signs or they may present with nausea, vomiting and headache, masquerading as toxicity from the preparatory regimen.
Intrathecal therapy as part of the preparatory regimen has been suggested as a risk factor for subdural hematomas. 3, 4 In a retrospective study, 17 subdural hematomas were found in 657 transplant patients in Australia, and 16 of the 17 subdural patients had received intrathecal methotrexate. 3 An association of subdural hematomas and lumbar puncture has also been reported in nontransplant patients with leukemia. 5 In the present review, we describe the known association of lumbar puncture, intracranial hypotension and subdural formation; and we determine how often subdurals in HCT patients are associated with lumbar puncture. The term subdural in this report is used to include nonhemorrhagic fluid collections (hygromas) as well as hemorrhagic fluid collections (hematomas).
Methods
Medical records of patients admitted to the Hematopoietic Cell Transplantation Unit at the City of Hope National Medical Center between 1996 and mid 2006 were reviewed for diagnosis of subdural hygroma or hematoma within 25 months of transplant. Brain imaging and medical records were reviewed and the following aspects recorded: patient's age and sex, hematological diagnosis, the type of transplantation, presence or absence of lumbar puncture for diagnosis or intrathecal therapy, neurological symptoms at the time of the diagnostic head scan, time interval of subdural detection post transplant (and, if relevant, postlumbar puncture), need for neurosurgery and ultimate course of the subdural. Table 1 summarizes information on 17 patients seen between 1996 and mid 2006 who had subdurals after HCT (13 allogeneic and 4 autologous). A total of 1838 allogeneic and 2974 autologous HCT were done for hematological malignancies at the City of Hope National Medical Center in this time interval. The subdural complication rate, therefore, was 0.71% in allogeneic and 0.13% in autologous HCT. As shown in the two columns of Table 1 , just less than half of subdural patients had lumbar puncture. The age range was similar in the two groups, there was male predominance in the group without lumbar puncture, and there was the expected difference in hematological diagnoses (predominance of acute lymphocytic leukemia in lumbar puncture group and acute myelogenous leukemia and myelodysplasia in non-lumbar puncture group). Leptomeningeal disease was present in five of the eight patients in the lumbar puncture group and none of the patients in the other group. Subdurals were diagnosed earlier in the transplant course in patients with lumbar puncture (median 25 days post-HCT) than patients without lumbar puncture (median 5 months post-HCT). Minor head trauma soon after HCT was a feature in two patients in the non-lumbar puncture group; with these two patients excluded, the median time of subdural diagnosis in the non-lumbar puncture group would be 11 months. On the basis of head scan characteristics, three patients in the lumbar puncture group had hygromas; whereas, all patients in the non-lumbar puncture group had hematomas. The median platelet count on the day the subdural was detected was lower in the non-lumbar puncture group. The main neurological problem leading to the head scan which diagnosed the subdural in the lumbar puncture group was confusion and reduced sensorium in four patients, headache in three patients (but with characteristics of lowpressure headache in only one of these three) and seizure in one patient. Presentation was similar in the non-lumbar puncture group but none of the three headache patients had characteristics of low-pressure headache (that is, headache on assuming the upright position). Overall, patients in the non-lumbar puncture group did worse: four of the nine patients required surgery, two patients died without surgery as a consequence of their subdural, 14 and 44 days after subdural detection (both patients had recurrent hematological disease post-HCT) and only one patient survived to resolve the subdural without surgery. In comparison, there were no fatal subdurals in the lumbar puncture group, four patients resolved the subdurals without surgery, two required surgery and two succumbed to hematological disease recurrence 4 and 69 days after subdural diagnosis. Table 2 gives information on the eight patients who had lumbar puncture, listed in order of the time post-HCT that subdural was diagnosed. As indicated in the fourth column, all patients had the subdural diagnosed after the lumbar puncture. Patient 1 had small bilateral subdural hematomas diagnosed 1.5 weeks prior to preparatory therapy for transplant. The subdural increased in size at the time of this patient's death from disease recurrence 51 days after HCT. Four other patients (Patients 2, 3, 5 and 6) had lumbar punctures prior to HCT, 14-62 days (median 27 days as shown in column 4). Three patients had lumbar puncture after HCT: on day þ 5 in Patient 4 as ongoing treatment of leptomeningeal disease, on day þ 155 in Patient 7 for leptomeningeal disease recurrence after HCT and on day þ 158 in Patient 8 because of symptoms of meningoencephalitis. As shown in Table 2 , subdurals were diagnosed 5-112 days after the last lumbar puncture (median 46 day). All three patients with head scan characteristic of hygromas had bilateral lesions; whereas only two of the five patients with hematomas had bilateral lesions. 
Results

Discussion
Of 1838 allogeneic transplant patients done at the City of Hope National Medical Center between 1996 and mid 2006, 379 patients (21%) had hematological diagnoses for which intrathecal therapy is routinely used: 364 patients with ALL and 15 patients with AML M4 or M5. If subdurals occurred randomly post-HCT, one would expect about one-fifth of the subdural patients to have a history of lumbar puncture. The observed frequency of 54%-7 of the 13 allogeneic transplant patients in Table 1 had lumbar punctures-suggests that lumbar puncture is a risk factor for subdurals. Also consistent with lumbar puncture as a risk factor is the earlier presentation of subdurals in the lumbar puncture group (median day 25 post-HCT compared to 5 months in the non-lumbar puncture group). This timing is explained by the observed short interval between the last lumbar puncture and subdural detection in most patients (median 46 days) and the fact that six of eight patients in Table 1 had their lumbar puncture for intrathecal therapy before or at the time of conditioning therapy or in the case of Patient 4 ( Table 2 ) on day þ 5. Our results, therefore, are confirmatory of the report of Colosimo et al. 3 suggesting that lumbar puncture for intrathecal therapy is a risk factor for subdural formation in transplant patients Since seven of the eight patients presented in Table 2 had intrathecal therapy, our data do not provide an answer whether it is intrathecal therapy or merely the lumbar puncture that is the risk factor. Although rare, there are case reports of subdural hematomas developing after routine diagnostic lumbar punctures and lumbar punctures for spinal anesthesia or myelography. 6, 7 The mechanism involves intracranial hypotension, downward displacement of the brain and avulsion of arachnoid granulations, the structures involved in cerebrospinal fluid (CSF) absorption into the dural venous sinuses. 8 CSF then leaks into the inner dural layers producing hygromas that are usually bilateral. The subdural fluid collections cause the veins that bridge the brain and venous sinuses to be stretched, and subdural hematomas result when these veins bleed. Lowpressure headaches (post-spinal headaches) may provide a warning of the early part of this process. Low-pressure headache occur in about one of four patients after diagnostic lumbar punctures. 9 Head or spine pain usually of severe degree develops on standing and promptly resolves or significantly diminishes on lying down.
Our review did not include an analysis of patients undergoing lumbar puncture who did not develop subdurals, but we estimate the risk of symptomatic subdurals to be 1-2% after lumbar puncture. This estimate is based on 364 allogeneic HCT done at City of Hope for ALL in the 10.5 years of this review, the assumption that these patients will have had intrathecal therapy or prophylaxis at some point prior to transplant, and documented subdurals in only five ALL patients post transplant (1.3%). A prospective study by Staudinger et al., 10 however, suggests a much higher risk of asymptomatic subdurals after lumbar puncture. Brain computed tomography (CT) scans were done before HCT and on day 30 in 50 consecutive patients, 32 of whom had intrathecal methotrexate as part of their conditioning regimen. Nine patients developed subdural hygromas, all in the intrathecal methotrexate group (giving an incidence of 28% in this group). Data from the retrospective report of Colosimo et al.
3 also suggest a significant risk of lumbar puncture. For example, subdural hematomas were reported in 12 of 155 patients (8%) who received intrathecal methotrexate as part of BU and CY conditioning compared to 0 of 71 conditioned with BU/CY alone; and subdural hematomas were reported in 2 of 12 patients (17%) who received intrathecal methotrexate as part of CY and TBI conditioning compared to 1 of 112 (1%) conditioned with CY and TBI alone. 3 Leptomeningeal disease was present in five of our eight lumbar puncture patients with subdurals and in none of the nine subdural patients reported by Staudinger et al. 10 who received intrathecal methotrexate. There is no evidence that the risk of subdurals is greater in patients with leptomeningeal disease compared to those receiving intrathecal therapy prophylactically.
In their report of two HCT subdural patients with postlumbar puncture headache, Kannan et al. 11 emphasized the relative insensitivity of brain CT scans to detect subdurals early in the course. Brain MRI scans are more sensitive in detecting hygromas. In addition, brain MRI scans in patients with sustained intracranial hypotension may show diffuse meningeal gadolinium enhancement, downward displacement of the cerebellar tonsils, enlargement of the pituitary, engorgement of the venous sinuses and decrease in the size of the lateral ventricles.
12,13 Examples of these changes from patients in our report are shown in Figure 1 .
It is certainly possible that lumbar puncture was coincidental in some of the patients in Table 2 , particularly those with longer intervals between the tap and subdural detection. However, it is well known that low-pressure headache can occur or recur several weeks after lumbar puncture. Patient 8 in Table 2 that resolved after a lumbar epidural blood patch, a procedure in which an autologous blood sample is injected in the epidural space at the level of the earlier lumbar puncture to seal the dural leak. Since low-pressure headaches can be delayed, it is difficult to know precisely how long after lumbar puncture the patient is at risk for low central nervous system (CNS) pressure. Generally, an epidural blood patch has a success rate over 75% for post-spinal headache. 14 Subdural hygromas in hematological malignancy patients are particularly troublesome because of the increased risk of bleeding from thrombocytopenia. Standard procedure in our transplant unit is to keep platelet counts above 20 000 per ml post-HCT. When subdurals are identified, management involves an increase in platelet transfusion parameters above 50 000-75 000 per ml; and even with optimum management the size of the subdural may increase, as in Patient 1, the patient who underwent HCT despite having a recognized subdural hematoma. Other treatment approaches for a lumbar CSF leak, including continuous epidural saline infusion or epidural injection of dextran or fibrin glue, 15, 16 are infrequently used and may carry increased risk in HCT patients.
Intracranial hypotension adversely impacts intrathecal therapy. If subdurals are recognized, the planned intrathecal course may be deferred and the patient undertreated. Typically, patients with CSF leak and intracranial hypotension have low manometer opening pressures; and traumatic taps may occur because the spinal needle is inadvertently advanced beyond the collapsed subarachnoid space. There is also a greater likelihood of injected drug going into the epidural space; and because the direction of CSF flow is reversed, drug that does reach the lumbar subarachnoid space tends to be lost through the leak rather than distributed throughout the neuroaxis. Over time, subdural hygromas may become membrane bound 8 and as in Patient 4 (Figure 1a) , the hygromas may produce mass effect on the cerebral hemispheres requiring surgical decompression. Lumbar puncture for intrathecal therapy in these patients with cerebral mass effect may lead to fatal brain herniation.
Recommendations to prevent low-pressure headache after lumbar puncture include small needle size, placement of the needle bevel parallel to the dural fibers (that is, parallel to the long axis of the spine) and replacement of the stylet before withdrawing the needle. 17 In one study using 22-gauge needles, the frequency of post-lumbar puncture headaches was reduced from 24.4 to 12.2% by a pencilpoint or non-cutting needle (such as a Sprotte needle) rather than the conventional cutting needle (Quincke needle). 9 If lumbar puncture prior to high-dose therapy is unavoidable, it is advisable to use a 22-gauge pencil point needle and consider an epidural blood patch early in the course of a low-pressure headache, before thrombocytopenia precludes a blood patch.
